Abstract. Activation of the AKT (serine-threonine kinase) pathway is a common feature in glioblastoma cells. Downstream factors of the AKT pathway are involved in cell proliferation, apoptosis, cellular migration and angiogenesis. Micro-RNAs (miRNAs) are highly conserved small noncoding RNAs that block targeted mRNA expression at the post-transcriptional level. The aim of this study was to investigate the role of the AKT pathway in regulating miRNA. The changes of miRNA expression profile in human glioblastome U251 cells after AKT small interfering RNA transfection were examined by a microarray, and confirmed by Northern blotting. Down-regulation of AKT expression by siRNA decreased the activity of AKT pathway in U251 cells. Interruption of AKT pathway suppressed the expression of NF-κB and c-Myc, furthermore, the expression of a set of miRNAs was also changed after AKT siRNA transfection. There are putative binding sites of NF-κB and c-Myc in the promoters of several up-regulated miRNAs, indicating these transcription factors may also be involved in the regulation of miRNA expression, thus affecting the activity of AKT pathway in tumorigenesis. We provide new components of the regulatory function of AKT pathway to better understand the regulatory network mediated by downstream transcription factors. The understanding of the regulatory function of AKT pathway is crucial in tailored therapy of gliomas.
Introduction
Gliomas are the most common primary tumors in the brain. Most patients with high-grade gliomas such as anaplastic glioma or glioblastoma multiforme (GBM), receive radiation and chemotherapy after surgical intervention. However, the prognosis of these glioma patients remains very poor (1) . Recent evidence indicates that the AKT is phosphorylated by the activated phosphoinositide 3-kinase (PI3K) in a receptormediated manner, which then acts as a second messenger in PI3K/PTEN signaling pathways and has been implicated in a central role in oncogenesis (2) (3) (4) . Previous studies demonstrated that down-regulating the AKT2 expression can inhibit the proliferation and invasion of C6 glioma cells both in vitro and in vivo (5, 6) . These data indicate that the AKT pathway is critical in glioma development and progression; whereas interruption of AKT pathway will open a new perspective for a targeted molecular therapy against gliomas. microRNAs (miRNAs) are single-stranded RNA molecules of ~21-23 nucleotides in length. miRNAs are encoded by genes that are transcripted from DNA, but not translated into protein (non-coding RNA); instead they are processed from primary transcripts known as pri-miRNA to short stem-loop structures called pre-miRNA and finally to functional miRNA. Mature miRNA molecules are partially complementary to one or more messenger RNA (mRNA) molecules, and their main function is to down-regulate gene expression (7) . miRNA may regulate ~30% of the proteincoding genes in human genome, implying their importance as global regulators in gene expression (8) . He et al first compared miRNA expression profiles between wild-type and p53-deficient cells. They identified a family of miRNAs, miR-34a toc, to be the direct targets of p53 gene (9) (10) (11) . Other studies also indicate a close relationship between oncogenes/tumorsuppressor genes and miRNA expression. Xi et al compared the miRNA expression between wild-type and p53-deficient HCT-116 cells via microarray. They identified 54 miRNAs that are differentially expressed in cells correlated with different p53 status (12) .
Through interactions with oncogene/tumor suppressor genes, miRNAs have been recognized to inhibit cell apoptosis, down-regulate angiogenic blockers and other regulators in oncogenic processes. The AKT-triggered signaling pathway is one of the most, dominant pathways in oncogenic process. However, little is known on how miRNAs involve in AKT pathway. There are quite a few transcription factors located downstream of PI3K/Akt pathway: NF-κB, p53 and c-Myc have been reported to be involved in modulation of miRNA expression (9) (10) (11) (12) (13) (14) (15) (16) . Recently, a new member of transcription factor STAT3, has been identified to play a dual role in PTEN loss-and EGFRvIII-induced gliomas with AKT activation (17) . STAT3 has proved to be connected with the function of certain miRNAs that play a functional role in oncogenesis (18) (19) (20) .
We postulate that AKT pathway is able to mediate miRNA expression via its downstream transcription factors. By controlling the expression of AKT gene, we observed the correlation between the expression of its downstream transcription factors and the changing of the miRNA profile. The human U251 glioma cell lines were chosen to examine effect of the interruption of AKT on miRNAs expression. RNA interference method was used to knockdown the expression of AKT in U251 cells. Given that suppression of miR-21 can modulate PTEN pathways and converse phenotypic characteristics in human hepatocellular cancer (21), we expected that the changes of miRNA expression caused by AKT inhibition could affect the activities of cellular signal cascades in gliomas. Hence, we examined the role of AKT in regulating miRNA expression due to its function as a key modulator in RTK signaling pathway. Our study demonstrated that the expression levels of a group of miRNAs were affected by AKT siRNA. Among these miRNAs, miR-21 has been reported to be correlated with the regulation of PTEN expression in several epithelial cancer types (21) . In addition, the activity of AKT pathway was decreased after expression of miR-21 was knocked down in U251 cell.
Materials and methods
Cell lines and reagents. Human glioblastoma cell line U251 and A172 was obtained from Institute of Biochemistry and Cell Biology, Chinese Academy of Science, Beijing, China. U251 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Gibco, USA), which was supplemented with 10% fetal bovine serum (Gibco), 2 mM glutamine (Sigma, USA), 100 units of penicillin/ml (Sigma), and 100 μg of streptomycin/ml (Sigma). Cells were cultured at 37˚C in 5% CO 2 .
Akt siRNA transfection. Chemically synthesized siRNA duplex were purchased from Shanghai GenePharma (Shanghai, China), including AKT siRNA and mismatch control (MC), with the following sequences: 5'-GGAGAUCAUGCAGCAU CGC-3' (Akt1, sense) 5'-GCGAUGCUGCAUGAUCUCC-3' (Akt1, anti-sense), 5'-GGGAAUCAUAAAGCAUUUC-3' (mismatch, sense) and 5'-CCGGGGCUGCAUAAACUUC-3' (mismatch, anti-sense). Oligofectamine-mediated transfection of siRNA was performed in six-well tissue culture plate according to instructions of the manufacturer (Invitrogen, USA). Briefly, transfection mixtures containing either 200 nmol/l siRNA or 10 μl Oligofectamine in Opti-MEM medium were added directly to preincubated cells. Cells were then incubated for 4 h in Opt-MEM medium and cultured in DMEM supplemented with 10% fetal bovine serum. After 48 h of transfection, cells were harvested for further analysis.
miRNA microarray. miRNA expression profiling was performed using LC Sciences microfluidic chip technology (LC Sciences, USA). Parenta U251 cells and AKT-siRNA cells in six wells were washed with pre-cooled PBS and total RNAs were extracted using TRIzol reagent according to the manufacturer's protocol (Invitrogen), then fractionated using a YM-100 microcon centrifugal filter (Millipore). The isolated small RNAs (<300 nt) were 3'-extended with a poly(A) tail using poly(A) polymerase and used for microarray analysis by LC Sciences. Hybridization was performed overnight on a μParaflo microfluidic chip using a micro-circulation pump (Atactic Technologies). On the microfluidic chip, each detection probe consisted of a chemically modified nucleotide coding segment complementary to target microRNA (from miRBase, http://microrna. sanger.ac.uk/sequences/, version 11.0) and a spacer segment of polyethylene glycol to extend the coding segment away from the substrate. The detection probes were synthesized in situ using PGR (photo-generated reagent) chemistry. The hybridization was performed in 100 l 6X SSPE buffer (0.90 M NaCl, 60 mM Na 2 HPO 4 , 6 mM EDTA, pH 6.8) containing 25% formamide at 34˚C and the signal was detected by fluorescence labeling, using tag-specific Cy3 and Cy5 dyes. GenePix 4000B (Molecular Device) and Array-Pro image analysis software (Media Cybernetics) were used for scanning the images and data collection. Data were analyzed by first subtracting the background and then normalizing the signals using a LOWESS filter (Locally Weighted Regression) (22) . For two color experiments, the ratio of the two sets of detected signals (log 2 transformed, balanced) and p-values of the t-test were calculated, in which p<0.01 was considered as statistically significant.
Northern blotting. The protocol of Northern blot of miRNA by Ramkissoon (28) was adopted. Total RNAs (20 μg) were separated on a 12% denaturing polyacrylamide gel, then transferred to Hybond N+ nylon membrane. The membrane was then dried, UV cross-linked, hybridized with digoxigeninlabeled probes overnight at 50˚C in a buffer containing 5X SSC, 20 mmol/l Na 2 HPO 4 (pH 7.2), 7% SDS, 1X Denhardt's, and 0.2 mg/ml salmon sperm DNA and washed with 1X SSC/1% SDS buffer at 50˚C. After equilibration in detection buffer, blots were detected with Dig Luminescent detection kit (Roche) and analyzed by GeneGenius. The probes were purchased from Proligo Primer & Probes (Sigma) and the sequences are 5-CACGAATTTGCGTGTCATCCTTGC AGGGGCC-3' (U6) and 5'-TCAACATCAGTCTGATAAG CTA-3' (miRNA).
Western blotting. Western immunoblot analysis was used to confirm siRNA of AKT in U251 cells. Protein extracts (20 μg) from each sample were run on SDS-PAGE as previously described (23) . After blocking, the membranes were incubated with mouse anti-AKT and anti-phospho-AKT monoclonal antibody (both in 1:1,000), NF-κB (1:1,000), c-Myc (1:1,000) or ß-actin (1:2,000, Santa Cruz Biotechnology, Santa Cruz, CA). After washing, membranes were then incubated with a horseradish peroxidase-conjugated secondary antibody (1:2,500 dilutions, Zhongshan, Beijing, China). Signals were visualized with a chemiluminescence detection system using the Super Signal substrate (Pierce, Rockford, IL).
Luciferase assay. 2'-O-methyl (2'-OMe-) oligonucleotides, chemically synthesized by SBS Genetech (Beijing, China), were synthesized entirely with 2'-O-methyl bases in the following sequences: 5'-AAGGCAAGCUGACCCUGA AGU-3' (mismatch control) and 5'-GUCAACAUCAGUC UGAUAAGCUA-3' (2'OMe-miR-21). The oligonucleotides were transfected into U251 or A172 glioma cells as mentioned above. PCR was performed to amplify a fragment containing the 3'UTR region of miR-21 using HK293 genomic DNA with the following primers: 5'-ACTCTAGAGTCGACACC ACTGACTCTGATC-3' and 5'-ACTCTAGACATGACACA GCTACACAACC-3'. The PCR products were digested using XbaI enzyme and ligated with a XbaI pre-treated pGL3-control vector. For luciferase assay, U251 cells were plated (2x10 6 cells/well) in 6-well plates. After transfection, the cells were seeded onto 96-well plates and harvested for luciferase assays 24 h later using a luciferase assay kit (Promega, USA) according to the manufacturer's protocol.
Prediction of putative NF-κB and c-Myc binding sites in miRNA promoters. Previous data have demonstrated that
Akt-mediated signaling is important in the malignant progress of human cancers, and the aberrant Akt activation was strongly correlated with the elevation of p65 subunit of NF-κB and c-Myc phosphorylation (24) (25) (26) . Therefore, we tried to identify the putative binding regions in promoters of miRNAs, which were down-regulated after AKT siRNA to explore how AKT pathway affects miRNA expression in U251 cells. A set of putative miRNA promoters was extracted by defining 2.5 kb upstream region of each miRNA precursor. The miRNA genomic including 520 annotated miRNAs were identified from the Biomart (http://www.biomart.org). Unlike the protein coding gene, where 1 to 2 kb immediately upstream of the transcription start site are usually considered as promoters, transcription start sites of known pre-miRNA hairpin precursors still remained undefined (12) . Therefore, we chose a 2.5 kb region upstream of each miRNA.
Results and Discussion
Modulating AKT pathway in glioma cells induces changes of miRNA profile. In this study, miRNA isolated from normal and AKT-deficient U251 cells were labeled with greenfluorescent Cy3 dye and red-fluorescent Cy5 dye, respectively. Representative regions of chip images are shown in Fig. 1 . Red signals indicate miRNA that are expressed at higher levels in the AKT-deficient cells. miRNAs that expressed differentially between normal and AKT-deficient U251 cells >2-fold are listed in Table I . After AKT siRNA transfection, 16 miRNAs were down-regulated and 20 miRNAs were down-regulated in U251 (AKT siRNA) (Table I and Fig. 2) . Table I . miRNA expression analysis in U251 (wt-AKT) and U251 (AKT siRNA) cells using a microarray.
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In our study, several up-regulated miRNAs have been shown to regulate the process of cell proliferation and malignant progress. Among these genes, hsa-miR-21 has a solid correlation with oncogenesis and been reported to be overexpressed in varied human tumors (21, (27) (28) (29) (30) (31) (32) (33) (34) (35) . PTEN, TIMP1, RECK and TMP1 have been identified as direct targets of miR-21 in human cancers (21,31-33). Together with miR-21, miR-10b, miR-130a, miR-221, miR-125b-1, miR-125b-2, miR-9-2, miR-123 and miR-25 were overexpressed in the GBM tissue (36) . Inhibition of miR-21 expression may also induce apoptosis in glioma cells (33) (34) (35) (36) (37) (38) (39) . Recently the number of miRNA loci in human genome has been extended from 255 to 533 (40) . Noteworthy, 60% of those up-regulated miRNAs in the present study are newly identified. The control probes are used for quality controls of chip production, sample labeling and assay conditions. PUC2PM-20B and PUC2MM-20B are the perfect match and single-based match detection probes, respectively, of a 20-mer RNA positive control sequence that is spiked into the RNA samples before labeling. From Cy3 and Cy5 images indicate miRNA profiles and the differential expressions between the corresponding samples. The images are displayed in pseudo colors so as to expand visual dynamic range. B, representative regions of chips images. In the Cy3 and Cy5 intensity images, as signal intensity increases from 1 to 65,535 the corresponding color changes from blue to green, to yellow, and to red. In the Cy3/Cy5 ratio image, when Cy3 level is higher than Cy5 level the color is green; when Cy3 level is equal to Cy5 level the color is yellow; and when Cy5 level is higher than Cy3 level the color is red.
AKT pathway associates with the expression of miRNAs.
To confirm the siRNA of AKT, we examined the protein level of AKT after transfection. The level of the AKT protein was decreased by 80% after siRNA transfection for 48 h, (Fig. 3A) . The expression of phosphorylated AKT was also decreased by 85% (Fig. 3A) . These results indicate that both expression and activity of AKT protein in U251 glioma cells were significantly inhibited after siRNA transfection. The decreased expression of miR-21 was also confirmed by Northern blotting and the data indicated that the hsa-miR-21 expression was decreased after AKT siRNA in U251 cells (Fig. 3B) . miR-7 was reported to suppress epidermal growth factor receptor expression and inhibit the AKT pathway via targeting upstream regulators (43) . Recent investigation demonstrated miR-214 could negatively regulate PTEN through binding to 3-UTR and decrease the activities of AKT pathway (41) . Fibroblasts have long been used as a simple model to study Figure 2 . Expression of miRNAs determined by a microarray in U251 (wt-AKT) and U251 (AKT siRNA) cells. The level of miRNAs were quantified with miRNA array analysis. The expression of miRNAs was collected using a laser scanner and digitized using Array-Pro image analysis software. Data were analyzed by first subtracting the background and then normalizing the signals (log 2 transformed, balanced). mammalian cell proliferation in culture (42) . In skin fibroblasts responding to FGF proliferative signal, a cluster of miRNAs, including miR-21 and -22, were induced during early proliferation, suggesting that they may participate in regulating this transition in quiescent fibroblasts (43) . In our study, miR-22 and -21 were up-regulated after AKT siRNA, supporting a role for miR-21 and -22 in human fibroblast proliferation. The expression pattern of miR-21 and miR-22 was also well correlated with early transcription factors, such as c-Myc (43), suggesting a possible co-regulation role in modulation miRNAs both in human fibroblastoma cells and glioma cells.
It has been documented that miRNAs negatively regulate the expression of their target genes, primarily through basepairing interactions in the mRNA 3'-UTR, leading to mRNA degradation or translational inhibition, which depends on whether it is partially matched or completely matched with the target genes. Since miR-21 down-regulates PTEN through binding to 3'-UTR of PTEN mRNA (Fig. 4A) , we constructed the luciferase reporter containing 3'UTR of PTEN (pGL3-PTEN-3'-UTR). The data from our luciferase assay showed that the activity of pGL3-PTEN-3'-UTR was specifically and significantly stimulated in both U251 and A172 cells (miR-21 positive) after miR-21 was knocked down by transfection of AS-miR-21 (Fig. 4B) . Western blot analysis also demonstrated up-regulation of PTEN protein in U251 cells transfected by AS-miR-21 (not shown).
Interaction between NF-κB and c-Myc and miRNA.
To investigate the potential function of NF-κB and c-Myc as transcription factors in modulation miRNA expression, the potential binding sites of miRNA promoters were analyzed using bioinformatics approach. The database from Sanger (ftp://ftp.sanger.ac.uk/pub/mirbase/targets/v5/arch.v5.txt. homo_sapiens.zip) was used to determine whether transcription factors regulate miRNAs or miRNAs regulate transcription factors. Intriguingly, we found binding sites for c-Myc among those up-regulated miRNAs and putative binding sites for NF-κB in hsa-miR-98, hsa-miR-374b, hsamiR-155 and hsa-miR-196a ( Fig. 5 and Table II) . Since transcription factors are important in the regulation of mRNA expression, in which miRNAs are also highly involved, it is possible that miRNAs and transcription factors may cooperate in regulating shared target genes. It was hypothesized that in circuits composed of a miRNA and a transcription factor, these two regulators target the same genes (44, 45) . The present study implies that the activity of AKT pathway can either directly affect the expression of NF-κB and c-Myc, or through up-regulated miRNAs to modulate the expression of NF-κB and c-Myc.
Searching for the putative binding sites of NF-κB and cMyc in the down-regulated miRNA, the data of human miRNA genomic containing 520 annotated miRNAs were extracted from the Biomart database (http://www.biomart.org). The TRANSFAC ® database focusing on eukaryotic transcriptional regulation, integrating the data of transcription factors, their target genes and regulatory binding sites, has been extended and well developed, both in the number of entries and in the scope and structure of the collected data (46) . We chose TRANSFAC 7.0 Public (http://www.generegulation.com/pub/databases.html) as the transcription factor database in analysis of binding sites of c-Myc and NF-κB in the promoters of miRNAs in our study. The mapping was performed with pwmatch (Matching position weight matrices, http://www.bioinf.uni-leipzig.de/Software/pwmatch/), a re-implementation of the scoring algorithm reported by Kel et al (47) . First, the potential miRNAs with binding sites of NF-κB and c-Myc were listed (Table II) . Then we used a cutoff score 0.9 to identify the binding sites. The results are summarized in Table I . Overall, we found putative NF-κB and c-Myc binding sites in 13 of the 16 down-regulated miRNA promoters, and in 11 of 20 up-regulated miRNA promoters. Based on bioinformatic methodology, Shalgi et al proposed mathematical models of mammalian miRNAtranscription regulatory network (45) . In their model, a miRNA-transcription factor co-regulation model was postulated for gene expression.
By studying the relationship between the AKT pathway and miRNA expression, we provide new components for better understanding of this vital signaling pathway. RNA interfering on AKT gene triggers a clear change on miRNA profile and a remarkable drop-off of some transcription factors, such as NF-κB and c-Myc. According to the gene database search, we found potential binding sites for these transcription factors on the promoter regions of several identified miRNAs. Finally, miR-21-PTEN pathway may constitute a negative feedback loop in U251 glioma since PTEN expression and the activity of AKT pathway were inhibited by miR-21. Therefore, our results suggest that the AKT pathway may participate in cell oncogenic behavior via the miRNA mechanism. Table II . Potential target prediction of up-regulated miRNAs for NF-κB and c-Myc. 
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